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The effect of rapid pacing on the atriai constant vOi@e 
stimulation threshold in humanly has not been defined at 
rates applicable to those of antitachycardia pacing. The 
effect of pacing rate on the atriai strength-duration relation 
was determined in 10 patients at pacing rates between 125 
and 300 beat&& to explore excitability over the range of 
rates used for permanent antitachycardia pacing systems. 
Two points that deline the strength-duration curve were 
me&red at each pacing rate: rbeobase voitage-tbe lowest 
stimulus voltage that resuits in capture at a puise duration 
of 2 ms; aud chronaxie pulse duratio-he threshold pulse 
duration at twice rheobase voltage. A permanent, tined, 
J&aped pacing lead with a high current density and low 
polarization electrode was positioned in the right atriai 
appendage for cathodai stimulation. A constant voltage 
output, incorporating a fast recharge puise designed to 
minimk electrode polarization, was used for stimulation. 
There was a sign&ant increase in rheobase voltage (p = 
0.009), chronaxie pulse duratioo (p = 0.001) and minimal 
threshold stimulus energy (p = 
beatslmin. A rbeobase voltage 
patients at pacing rates ~275 beatslmin. At a pacing rate of 
300 beatslmio, rheobase voltage had increased in 8 of 10 
patients. The atriai elfective refractory 
at 1.5 times late diestoiic threshold and a cycle ien8tb of 5 
ms demonskated a modest correlation with rheobase voit- 
age at pacing rates ~225 beat&& (r = 0.8), but not at 
2250 beatslmin (r = 0.36). There was no correlation 
between either rheobase voltage or cbronaxie pulse dura- 
tion and atriai effective refractory periods determined at 
three times late diastolic threshold at any pacing rate. 
These data demonstrate that the human atriai strength- 
duration curve is shied upward and to the right at pacing 
rates applicable to antitachycardia pacing, and have impor- 
tant implications for the design and programming of per- 
manent antitachycardia pacing systems. 
(J Am Co11 CardiolZ99O;ZS:Z6Z&23) 
The intensity of pacing stimuli required to excite the atrium 
has been demonstrated to increase at rapid pacing rates in 
humans (1,2). The magnitude of the increase in stimulation 
threshold with rapid pacing is a function of rate-related 
changes in the duration of the relative refractory period in 
the atrium (2). However, the effect of pacing on the strength- 
duration relation in the human atrium has not been com- 
pletely defined. In addition, previous studies (1,2) have 
utilized constant current stimulation pulses, temporary 
transvenous catheter or postoperative myocardial elec- 
trodes, a constant pulse duration and rates ~200 or >3OO 
beatslmin. Because permanent pacemakers utilize constant 
voltage pulses and electrodes with high current density and 
low polarization effect, it is uncertain whether a similar 
relation exists between the stimulation threshold and pacing 
rate in implantable antitachycardia pacing systems. The 
purpose of the present study was to determine the effect of 
stimulation rate on the human atrial strength-duration rela- 
tion using constant voltage stimulation pulses and pacing 
rates applicable to antitachycardia pacing. 
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Study patients. The study group consisted of 10 patients 
undergoing electrophysiologic testing for routine clinical 
indications. The study protocol was approved by the Insti- 
tutional Review Board for Human Subjects of the University 
of Alabama at Birmingham. All patients gave written in- 
formed consent. Patients were excluded from participation if 
there was a history of atrial fibrillation or flutter or evidence 
of sinus node dysfunction. 
Study protocol. All patients were studied in the fasting 
nonsedated state. Antiarrhythmic medications had been 
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unipolar, tined, J-s 
emispberic electrode pr 
with platinum black to red 
positioned in the right atri 
guidance and secured to the skin. A 6F quadr 
catheter (Josephson, ard ~~ectropbysiology) was inserted 
oral or internal jugular vein and advanced 
Unipolar pacing r*‘aS pe~~r~e~ 
the catbode and a cu 
x) with a 114 cm* 
the anterior right chest as the an 
pacing system analyzer del~verimg 
constant voltage output waveform was used for measure- 
ments of atrial electrograms an 
output pulse of the pacing sys 
fast recharge phase of 8 ms duration immediately after the 
pacing pulse, allowing the pulse generator to maintain full 
stimulus amplitude at fast pacing rates. After stable position- 
ing of the tined permanent pacing lead in the right atrial 
appendage, the stimulation voltage and current threshold at 
70 bcatslmin (at a pulse dnrati~n of 
ante (determined at 5 V) and atrial 
and sle\v rate were measured usi 
analyzer. If the stimulation threshold was >I.2 V or the 
filtered atricl electrogram was <2 mV in amplitude, the lead 
was repositicned until acceptable stimulation and sensing 
va achieved. 
Oli Of FhXhS6? voltage 
tion and minimal t 
determined using the pacing system analyzer at a pulse 
duration of 2.0 ms by increasing the stimulus voltage from 
0.1 V in increments of 0.1 V until consiste,lt capture of the 
atrium was achieved., Approximately 20 pacing stimuli were 
delivered at each stimulus voltage. Atrial capture was veri- 
fied by recording the atriat electrogram from the separate 
atrial quadripolar electrode catheter. After determination of 
rheobase voltage, chronaxie pulse duration was determined 
by setting the stimulus voltage at twice rheobase voltage and 
incrementing the pulse duration frcm 0.05 ms in steps of 0.05 
ms until consistent atrial capture was achieved. Rheobase 
voltage and chronaxie pulse duration were determined at 
pacing rates of 125, 150, 175, 200, 225, 250, 275 and 300 
beatslmin. After determination of rheobase voltage and 
chronaxie pulse duration at each rate, voltage threshold at a 
pacing rate of 70 beats/min was remeasured to assure stable 
electrode position. The threshold stimulus energy (E) at 
chronaxie pulse duration (C) was calculated by tht formula: 
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E=$C, 
constant current 
period determinations. The atrial effective refractory period 
was determined at stimulus amplitudes equal to 1.5, 2, 2.5 
and 3 times diastolic stimulation threshold, using a put 
duration of s and an eight beat drive cycle length of 5 
e effective refractory period of the right atrium at 
stimulus intensity was defined as the longest S,S2 
ling interval that failed to capture the atrium. The 
functional refractory period of the atrium at each stimulus 
s defined as the shortest A,A2 interval recorded 
min~tion of the atrial refractory period. 
n~nti~n cnrves. For each patient, atrial 
strength-duration curves at each pacing rate were con- 
structed using the equation of Lapicque (3): 
V(t) = Vr (1 + C/t), 
where V is the threshold stimulus voltage at pulse duration 
(t), Vr is the rheobase voltage and C is the chronaxie pulse 
duration. A strength-duration curve for the entire study 
group was constructed using the mean rheobase voltage and 
chronaxie pulse duration at each pacing rate. 
§tatist~ca~ analysis. The effect of pacing rate on rheobase 
voltage, chronaxie pulse duration and minimal threshold 
stimulus energy was determined by analysis of variance 
$iAS Institute). Correlations were performed using Pear- 
son’s correlation coefficient. 
atient characteristics. Five men and five women (mean 
age 58.3 k 8.5 years) formed the study group. The underly- 
ing structural heart disease was coronary artery disease in 
four patients, all of whom had ventricular tachycardia. Six 
patients had no identifiable structural heart disease, with the 
clinical indication for electrophysiologic testing being atrio- 
ventricular (AV) node reentrant tachycardia in one patient, 
ventricular tachycardia in one patient and unexplained syn- 
cope in four patients. The P wave canfiguration by 12 lead 
electrocardiography was normal in all patients. The mean 
atrial voltage threshold at a pacing rate of 70 beatslmin and 
a pulse duration of 0.5 ms was 0.76 2 0.24 V, with a mean 
pacing impedance of 436 ? 44 R. The mean filtered atrial 
electrogram amplitude was 2.9 ? 1.1 mV. The unh!tered 
electrogram amplitude averaged 3.9 I!Z I .4 mV, with a slew 
rate of 1.26 -C I.5 Vfs. 
KAY ET AL. JACC Vol. 15, No. 7 
EFFECT OF PACING RATE ON ATBIAL EXCITABILITY hoe 199&1618-23 
Table 1. Effect of Pacing Rate on Rheobase Voltage in 10 Patients 
Pacing Rate (beatshin) 
Pt. No. 125 150 175 
1 0.4 0.4 0.4 
2 0.4 0.5 0.4 
3 0.7 0.6 0.7 
4 0.6 0.7 0.7 
5 0.4 0.4 0.5 
6 0.4 0.4 0.4 
7 1.1 1.0 1.1 
8 0.6 0.6 0.8 
9 1.0 1.0 1.1 
IO 0.6 0.6 0.6 
Mean 0.62 0.62 0.67 
2 SD 0.25 8.23 0.27 
Values expressed as volts. Pt. = patient. 
200 225 250 275 300 
0.4 0.4 0.4 0.4 0.4 
0.5 0.5 0.5 0.5 0.7 
0.7 0.8 0.9 1.3 7.1 
0.7 0.8 3.4 7.0 - 
0.6 0.6 0.6 0.6 - 
0.4 0.4 0.5 0.6 1.1 
1.2 I.1 1.1 I.1 1.2 
0.8 0.9 2.0 2.9 5.5 
I.1 1.2 1.2 1.3 1.8 
0.7 0.8 0.8 0.9 1.7 
0.71 0.74 1.14 1.66 2.43 
0.27 0.29 0.92 2.01 2.47 
Effect of pa&Q rate on atrial rheobase, cbronaxie and 
minimal threshold energy (Table 1). The rheobase voltage 
remained relatively constant in all patients at pacing rates 
between 125 and 225 beatslmin. However, at a pacing rate of 
250 beatslmin, there was an abrupt increase in rheobase 
voltage in two patients. At a pacing rate of 2275 beats/min, 
the rheobase voltage was >5 V in three individuals. By 
analysis of variance, there was a significant increase in 
rheobase voltage with increasing pacing rate for the entire 
study group (p = 0.089) (Fii. 1). At a pacing rate of 300 
beatslmin, 8 of the 10 patients demonstrated an increase in 
rheobase voltage. Cbronaxie pulse duration also increased 
signifkantly with increasing pacing rate (p = 0.001) (Fig. 2). 
The mean chronaxie pulse duration was 0.2 + 0.06 ms at 125 
beatslmin and increased to 0.58 f 0.47 ms at a pacing rate of 
300 beatslmin. The mean minimal threshold energy, calcu- 
lated at a pulse duration equal to chronaxie pulse duration, 
Figure 1. Effect of pacing rate on atrial rheobase voltage for the Fiire 2. Effect of pacing rate on atrial chronaxie pulse width for the 
study group. Note that the mean rheobase voltage (volts) increases 
progressively at pacing rates >225 beat&G. AU values represent 
study group. Note that there is a gradual increase in chronaxie pulse 
width with increasing pacing rate. Wues represent mean values -I- 
mean values f SEM. SEM. 
lco 126 lsc l75 200 225 260 276 300 325 
Pacing Rate 
also increased at more rapid pacing rates (p = 0.05), from 
0.64 f 0.37 EJ at a rate of 125 beatslmin to 7.6 -C 12.5 EJ at 
a rate of 275 beatslmin. 
Relation of rheobwe voltage and cbrm he dura 
toa refractory periods (Table 2). The atrial effective 
refractory periods determined at 1.5,2,2.5 and 3 times late 
diastolic threshold are shown in Table 2. The mean atrial 
effective refractory period determined at 1.5 times late 
diastolic stimulation threshold was 258 f 36 ms and de- 
creased to 219 + 35 ms at 3 times threshold. There was a 
modest correlation between the atrial effective refractory 
periods determined at a 500 ms cycle length with a stimulus 
intensity equal to 1.5 times diastolic threshold and the 
rheobase voltage at pacing rates ~225 beatslmin (r = 0.8). 
However, at pacing rates >225 beats/min, there was no 
correlation between rheobase voltage and atrial refractory 
period (r = 0.36). In addition, there was no correlation 
Pulrr Width (ma) 
0.8 - 
0.0 - 
0.4 - 
0.2 - 
MO 125 15@ 176 200 2,2G 250 275 300 326 
Pacing Rab 
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PI. No. 
2 x Thr 
ARP 
3 X Thr 
ARP FRP 
I 225 292 220 298 220 298 215 298 
2 230 214 225 261 - - - - 
3 255 270 250 212 240 270 230 268 
4 290 303 285 3:2 270 305 265 306 
5 220 220 2 215 200 212 1 200 
6 240 270 2 270 200 265 1 268 
I 315 323 285 297 280 290 260 275 
8 279 282 267 275 260 275 253 268 
9 300 313 305 318 255 273 205 251 
10 227 268 221 270 210 270 176 270 
Mean 258 281 248 280 237 272 219 268 
+SD 36 31 39 31 31 27 35 30 
ARP = atrial refractory period; FR = funclional refractory period; PI. = patient;Thr = latediastolic stimulation 
and rheobase volt 
refractory periods dete~~~ed at 1.5 and 3 times late dias- 
tolic threshold did not coprelate with rh 
chronaxie pulse duration or rate-related c 
measures of stimulation 
periods did not correlat 
pulse duration or minimal tilresh 
uration curves. Using the 
pulse duration at each pat 
duration curves were constructed 
and for the overall study group (Fig 
stren~h-duration curves largely overlapped at rates between 
3. Atria1 strength-duration curves for a single patient (Patient 
IO) at pacing rates between 125 and 300 beatslmin. The stimulus 
intensity (volts) is plotted versus the stimulus pulse duration in 
milliseconds. The curves calculated at pacing rates of 125,150, 175, 
200, 225, 250, 275 and 300 beatslmin are illustrated. Note that the 
curves overlap at pacing rates of 6225 beatslmin. The strength- 
duration curve is shifted upward and to the right with increasing 
pacing rate. 
6 
0 
O*' Pulse &ation 
1.6 2.0 
owever, the curves were shifte 
upward and to the right at rates B2.25 beatslmin. 
~8. The hyperbolic re- 
defined as the lowest stimulation intensity that results in 
cardiac excitation, regardless of pulse duration (3) 
axie pulse duration is the threshold pulse duration 
rbeobase amplitude (3.6). Using these two points, Lapicque 
(3) constructed strength-duration curves that closely corre- 
Figure 4. Atrial strength-duration curves constructed from mean 
values for the entire study group are shown at pacing rates between 
125 and 300 beatslmin. Note that the strength-duration curve is 
shifted upward and to the right with iNcreasing pacing rate. 
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]ated with empirically determined data (6). The minimal 
energy of the threshold stimulus on the strength-duration 
curve is approximated by the chronaxie pulse duration (6). 
The present study demonstrates an increase in atria! 
rheobase voltage, chronaxie pulse duration and minima! 
threshold stimulus energy at rapid pacing rates. Thus, rapid 
pacing of the atrium at rates commonly used for antitachy- 
cardia pacing shis the atrial strength-duration curve UP- 
ward and to the,right. 
futeraction of the strength-titerval tid stren@h.dumtitin 
relations. The electrical restitution curve of the cardiac 
myocyte action potential duration shortens to a plateau 
value with decreasing cycle length of driving stithuii (7). 
Despite the phenomenon of decreasing action potential 
duration and atria! refractory period with increasing Stimu- 
iation frequency, progressive decreases in the cycle length of 
pacing stimuli result in encroachment of the stimulus on the 
relative refractory period of the preceding atria1 depolariza- 
tion (7,8); Because the foot of the strength-interval curve has 
a variable slope among diierent individuals (2), the magni- 
tude of the increase in stimulation threshold with increasing 
pacing rate is likely to vary. The change in stimulation 
threshold with increasing pacing rate is probably related to 
the interaction of these opposing effects of decreasing cycle 
‘length on the action potential duration and the slope of the 
strength-interval curve. Thus, if the pacing interval shortens 
to a greater extent than the refractory period and pacing 
stimuli are delivered during the ascending limb of the 
strength-interval curve (the relative refractory period), the 
diastolic threshold will increase. 
Preidoiis studies of stimulation fretiuencj and atrial excit- 
ability. Previous reports of the effects of pacing rate on 
atria1 diastolic threshold have shown variable results. Early 
studies (S) of atria! pacing at rates of 60 to 250 beats/min in 
dogs demonstrated no change in late diastolic threshold. 
Subsequent studies have noted an increase in atria1 pacing 
threshold in ,guinea pigs at rates > 180 beatslmin (9) and in 
isolated rat left atriutn at pacing rates up to 240 beats/min 
(10,ll). In addition, rate-dependent increases in extraceilu- 
iar potassium concentration at rapid pacing rates have been 
demonstrated in the superfused rabbit atria (12). Reports 
(!,13,14) of using rapid atria! pacing to interrupt atria1 flutter 
in humans have demonstrated that unexpectedly high stim- 
UiUs strengths are often required to capture the atrium. For 
example, Plumb et al. (1) noted that the threshold for atria! 
capture was an exponential funclion of pacing rate, with an 
increase in threshold intensity ranging from 25% to 925% at 
a mean pacing rate of 368 beats/mm compared with pacing at 
rates slightly faster than the rate of spontaneous atria! flutter. 
These studies were performed with constant current stimu- 
lation Pulses and temporary stainless steel myocardiai eiec- 
trodes placed at the time of cardiac surgery. Buxton et a!. (2) 
recently demonstrated an increase in the atriai stimulation 
threshold at a cycle length of 300 ms compared with 600 ms 
using transvenous electrode catheters. The increase in atria1 
threshold between pacing cycle lengths of 600 and 300 ms 
was a function of changes in the strength-interval curve at 
each cycle length; the difference in the duration of the 
relative refractory period at each paced cycle length pre- 
dicted rate-related changes in pacing threshold. Thus, pa- 
tients with the greatest difference in relative refractory 
period between pacing rates of 600 and 300 ms had the 
greatest change in pacing threshold as a function of rate. 
The present study demonstrates no significant correlation 
between the atria! refractory period, the functjonai refrac- 
tory period or the difference in refractory period at 1.5 and 3 
times late threshold and the rheobase voltage or chronaxie 
pulse duration at rapid pacing rates. In addition, the atria! 
refractory period did not predict the pacing rate that resulted 
in an increase in rheobase voltage. Because refractory 
periods were determined at only one cycle length (500 ms), 
no conclusions can be made regarding rate-related changes 
in the relatiiie refractory period. However, it seems likely 
that in those patients demonstrating an increase in stimuia- 
tion threshold with increasing pacing rates, pacing stimuli 
were,deiivered in the relative refractory period of the previ- 
ous atria1 depolarization (2,lS). 
Comparisoni with previous studies. The present study 
differs from previous investigations in several ways. First, a 
permanent pacing electrode with high current density and 
low polarization was used. Second, a constant voltage 
stimulating pulse with rapid recharge was employed. These 
factors are more likely to minimize electrode polarization. 
Because chronaxie pulse duration is significantly greater 
with constant current than with constant voltage stimuli (6), 
the effect of pacing rate on the strength-duration curve in this 
study is more relevant to antitachycardia pacing. Third, the 
range of pacing rates &died (125 to 300 beatslmin) reflects 
the pacing intervals ccimmonly employed for the interruption 
of reentrant atria1 arrhythmias that require jmpiantation of 
antitachycardia devices. Fourth, previous studies (!,2) uti- 
lized a constant pulse duration for determination of pacing 
threshold, limiting inferences regarding the shape of the 
strength-duration curve. Finally, udipoiar pacing was per- 
formed to avoid the possibility of anodai stimulation. Be- 
cause the anodal stimulation threshold is greater than the 
cathodai stimulation threshold at long coupling intervals and 
less at shorter intervals, bipolar strength-interval and 
strength-duration curves may reflect both cathodal and an- 
odal thresholds (5,8). The results observed in the present 
study represent the effects of pacing rate on the stimulation 
threshold with a consistent cathodal srimuiating electrode. 
Liiitatiks. Several limitations of the preseut study 
should be emphasized. First, these data represent acute 
threshold values. Whether a similar relation exists between 
pacing rate and the long-term strength-duration curve is not 
known. Second, atria! refractory periods were not measured 
at rapid pacing rates, limiting exploration of the relation 
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